[metastasis]{.smallcaps} contributes to ∼90% of cancer-related deaths ([@B13], [@B128]), yet many aspects of metastasis remain poorly understood. Cancer cells originating from the primary tumor undergo a sequence of steps to metastasize via the bloodstream to anatomically distant organs, including detachment from the primary tumor, invasion into surrounding tissues, and intravasation into the vascular circulation as circulating tumor cells (CTCs) ([@B14], [@B132]). CTCs can then be transported through the vascular system to the postcapillary venules of distant tissues, undergo adhesive interactions with the microvessel wall, exit the bloodstream in a process known as extravasation, survive in distant tissues, and proliferate to form secondary tumors ([@B28]). While primary tumors are generally treatable via radiation, chemotherapy, and/or surgical removal, the systemic nature of metastasis makes the disease difficult to treat ([@B66]). A better understanding of the vascular transport of CTCs can reveal key checkpoints for the intervention and treatment of metastasis.

Receptor-ligand interactions play a key role in the adhesion and therapeutic treatment of CTCs in the bloodstream. To adhere to the microvasculature in distant tissues, sialylated carbohydrate ligands expressed on CTCs can bind to selectin receptors on the surface of inflamed endothelial cells (ECs) ([@B19], [@B28]). This adhesion mechanism has been used in recent biomimetic approaches to target CTCs via immobilized E-selectin receptors under physiological flow conditions ([@B66], [@B97], [@B98]). Such techniques can allow flowing cancer cells to interact with apoptosis-inducing ligands ([@B97], [@B98]), which can bind with receptors on the cancer cell surface to trigger programmed cell death. The ability of CTCs to undergo such receptor-ligand interactions can be dictated by a physical barrier on the surface of cells known as the glycocalyx.

The glycocalyx is a sugar-rich coating that is found on the surface of ECs and tumor cells. The EC glycocalyx serves as a vascular permeability barrier, a mechanotransducer of hemodynamic shear forces to ECs, and a regulator of adhesive interactions between circulating cells and the endothelium ([@B129]). Tumor cells can overexpress certain building blocks of the glycocalyx, which can facilitate tumor progression by enhancing angiogenesis, tumor growth, and invasion ([@B121]). Given that this layer can approach a thickness of 0.5 μm while receptors are mostly \<100 nm in length, the glycocalyx can act to control receptor interactions with their respective ligands ([@B71], [@B129]). Thus the thickness of the glycocalyx can affect CTC adhesion to the endothelium, along with therapeutic ligand delivery to the surface of CTCs.

Here, we discuss a range of potential effects on the vascular transport of CTCs due to the glycocalyx. First, the structure and composition of the glycocalyx, found on ECs and tumor cells, is reviewed. The factors that contribute to EC glycocalyx remodeling and disruption are then described, along with their subsequent effects on the adhesion of circulating cells. We conclude with novel therapeutic strategies for CTCs, the glycocalyx as a barrier for CTC drug delivery, and approaches to disrupt the glycocalyx for efficient therapeutic treatment of CTCs.[^1^](#fn1){ref-type="fn"}

EC Glycocalyx Structure {#sec1-1}
=======================

The structure of the EC glycocalyx is discussed here briefly, as this has been discussed in detail by others ([@B71], [@B95], [@B101], [@B129]). The glycocalyx, with an estimated thickness of 150--500 nm, is a thin, gel-like layer of macromolecules on the apical surface of vascular ECs ([@B129]) ([Fig. 1*A*](#F1){ref-type="fig"}). Glycocalyx measurements are based on in vivo experimental observations by Vink and Duling ([@B125]) using intravital microscopy, electron microscopy studies by van den Berg et al. ([@B124]), and others ([@B20], [@B21], [@B105]). The glycocalyx on the surface of postcapillary venules has been measured using capillary tube hematocrit, defined as the instantaneous volume fraction of postcapillary venules filled with red blood cells ([@B55], [@B58], [@B107]). Reductions in the perfused capillary volume are indicative of the glycocalyx extending from the EC surface ([@B22], [@B125]). Electron microscopic images by Squire et al. ([@B114]) showed that the EC glycocalyx brush structure has a characteristic spacing of 20 nm in all directions ([Fig. 1*A*](#F1){ref-type="fig"}). Computational models ([@B45], [@B77]) and experimental observations ([@B1], [@B90]) have shown that such spacing can act as a "molecular sieve" for plasma proteins and, thus, create differences in plasma protein concentration between tissue and the luminal surface of the endothelium.

![Schematics of the endothelial (*A*) and tumor (*B*) cell glycocalyx (not drawn to scale). *A*: endothelial cell glycocalyx can extend 150--500 nm from the endothelial cell surface, with a typical spacing of 20 nm between glycocalyx components. \[Adapted from Weinbaum et al. ([@B130]).\] *B*: tumor cell glycocalyx consists of similar components but is characterized by greater content of hyaluronan, which is tethered to the tumor cell membrane by CD44.](zh00241373940001){#F1}

The glycocalyx on the EC surface primarily consists of glycosaminoglycans (GAGs), linear heteropolysaccharides with characteristic disaccharide unit repeats ([@B51]). GAGs that comprise the EC glycocalyx include heparan sulfate, hyaluronan, and chondroitin sulfate ([@B88]). Sulfated GAGs, specifically heparan sulfate and chondroitin sulfate, are linked to EC membrane-bound proteoglycans, which link the glycocalyx to the actin cytoskeleton ([@B114]). Proteoglycans are proteins that have specific sites to covalently link sulfated GAGs and consist of transmembrane syndecans, membrane-bound glypicans, and matrix-localized perlecans ([@B104]). Hyaluronan does not possess sulfated groups and is not covalently linked to proteoglycans; its interaction with the glycocalyx is mediated by cell surface receptors such as CD44, as well as by chondroitin sulfate chains ([@B40]). Other important glycoproteins on the cell surface include adhesion receptors, such as integrins, immunoglobulins, and selectins ([@B112]). Under normal physiological conditions, various blood-borne proteins will also incorporate into the EC glycocalyx ([@B47]).

Tumor Cell Glycocalyx Structure {#sec1-2}
===============================

The tumor cell glycocalyx, much like the EC glycocalyx, consists of a variety of proteoglycans and GAGs, in addition to fibrous proteins, such as collagen, which comprise the surrounding extracellular matrix ([@B109]). The synthesis of hyaluronan in tumor cells, however, is frequently impaired during malignant transformation and can result in the excess production of hyaluronan ([@B39], [@B43], [@B48], [@B65]) ([Fig. 1*B*](#F1){ref-type="fig"}). In nontransformed cells, hyaluronan incorporates into the surrounding cell matrix by forming aggregates with hyaluronan-binding molecules and can regulate cell adhesion, motility, growth, and differentiation. Hyaluronan synthase genes (HAS1, HAS2, and HAS3) encode key enzymes in hyaluronan synthesis, which can regulate the ability to form hyaluronan matrices and determine hyaluronan molecular size ([@B50]). In tumor cells, however, expression of hyaluronan synthase genes is often increased, resulting in excess hyaluronan production. Experiments forcing expression of HAS2 and HAS3 resulted in a drastic increase in hyaluronan production and subsequent tumorigenicity of mesothelioma, melanoma, and fibrosarcoma ([@B60], [@B67], [@B72]). Additionally, transfection of HAS1 into mouse mammary carcinoma mutants rescued hyaluronan matrix production and metastatic potential ([@B49]). Expression of the hyaluronan cell surface receptor CD44 has also been shown to be increased in tumor cells ([@B34], [@B57]) ([Fig. 1*B*](#F1){ref-type="fig"}). CD44^+^ cancer cells from head and neck squamous cell carcinoma can possess properties of cancer stem cells, including cancer stem cell renewal and differentiation ([@B96]). CD44 variant isoforms are highly expressed in carcinomas of epithelial origin and relate to tumor progression and metastatic potential of some cancers ([@B38], [@B87], [@B108]). In addition to these components, a variety of cell and matrix adhesion molecules, including integrins and selectin ligands, are embedded in the glycocalyx of tumor cells ([@B33], [@B115]).

The CTC glycocalyx has not been well characterized. Paszek et al. ([@B91]) recently developed scanning angle interference microscopy to measure variations in glycocalyx thickness of single epithelial cells on the nanometer scale. This technique could be utilized to characterize the glycocalyx of CTCs. While usually associated with disease progression and poor prognosis, a significant number of CTCs in blood are typically apoptotic ([@B76], [@B92]). This is in part due to anoikis, a form of programmed cell death due to the loss of cell-cell and/or cell-matrix adherence in CTCs ([@B137]). This raises the intriguing possibility that viable CTCs that contribute to metastasis, which are typically associated with the epithelial-mesenchymal transition ([@B54], [@B118], [@B136]), can also retain their glycocalyx and other matrix components. The glycocalyx coating could allow CTCs to evade anoikis or other forms of cell death due to harsh shear stress exposure in the circulation. In particular, clusters of CTCs, known as circulating tumor microemboli, can retain their viability, in part due to retention of glycocalyx, surrounding matrix components, and cell-cell adherence, as well as processes such as the epithelial-mesenchymal transition ([@B24], [@B44], [@B54]).

EC Glycocalyx Effects on CTC Adhesion {#sec1-3}
=====================================

It is believed that CTCs can leave the bloodstream during hematogenous metastasis in a manner similar to leukocyte extravasation during the inflammatory response. In this process, cells initially tether and roll on the activated endothelium, firmly adhere, and then transmigrate through the blood vessel wall into inflamed tissue ([@B15], [@B19]). The initial tethering and rolling of leukocytes to ECs is mediated by E-, L-, and P-selectin binding to ligands on the microvilli of leukocytes on the surface of ECs ([@B62]--[@B64], [@B80]), with firm adhesion mediated by ICAM-1 and β~2~-integrins on the EC and leukocyte surfaces, respectively ([@B46], [@B113]). E-selectin on the EC surface has also been shown to facilitate cancer metastasis in vivo ([@B5], [@B9]). Additionally, E-selectin can induce the rolling and tethering of cancer cells originating from breast ([@B32], [@B122]), colon ([@B11], [@B122]), and prostate ([@B4], [@B23]) under flow.

The EC glycocalyx can control the spacing between E-selectin receptors on the EC surface and selectin ligands on CTCs; however, its effects on CTC adhesion to the blood vessel wall have received less attention. Cell adhesion molecules on the EC surface, such as ICAM-1 and selectins, can range in length from 20 to 40 nm ([@B12], [@B112]). However, the thickness of the glycocalyx can be several hundreds of nanometers and, thus, affects receptor-mediated cell adhesion under physiological flow ([@B126], [@B129]) ([Fig. 2*A*](#F2){ref-type="fig"}). For example, Robert et al. ([@B103]) utilized computational and experimental models to measure the effect of the glycocalyx layer on the adhesion of functionalized microbeads to immobilized ICAM-1 under flow. Using hyaluronan as a model glycocalyx, they showed an increase in the frequency of adhesion to ICAM-1 under flow with decreasing concentrations of hyaluronan, along with an increase in the force between the bead and the substrate and a decrease in the bead distance from the surface ([@B103]). Multiple studies using leukocytes have shown that decreases in glycocalyx thickness directly correlate with increased cell adhesion ([@B106], [@B110], [@B111]).

![Glycocalyx effects on circulating tumor cell (CTC) adhesion in the microvasculature. *A*: under normal physiological conditions, the endothelial cell glycocalyx thickness is greater than the length of most adhesion receptors and acts as a barrier to cell adhesion. *B*: alterations in shear stress, inflammatory conditions, and matrix metalloproteinase (MMP) exposure can cause shedding and/or remodeling of the glycocalyx, increasing the number of available receptors to bind to adhesion ligands on CTCs.](zh00241373940002){#F2}

Inflammation, exposure to extracellular proteases, and changes in hemodynamic shear stress can alter glycocalyx molecular composition and thickness ([Fig. 2*B*](#F2){ref-type="fig"}), suggesting that such factors may promote or inhibit CTC-EC adhesion.

 {#sec1-4}

Glycocalyx remodeling during inflammation. {#sec1-4-1}
------------------------------------------

The EC glycocalyx can be dramatically remodeled during inflammation, a process that is also critical to the progression of cancer metastasis ([@B19], [@B35]). In vivo, Henry and Duling ([@B41]) found that exposure to the proinflammatory cytokine TNF-α can disrupt and increase the entry of macromolecules into the EC glycocalyx. Mulivor and Lipowsky ([@B86]) showed that superperfusion of the chemoattractant formyl-methionyl-leucyl-phenylalanine (fMLP) into rats induced significant shedding of GAGs from the EC surface. Treatment of postcapillary venules with fMLP or heparinase increased exposure and availability of ICAM-1 on the EC surface ([@B85]), as measured by perfusion and adhesion of fluorescent microbeads coated with antibodies specific for ICAM-1. In an in vivo model of septic shock, administration of bacterial endotoxins induced a significant increase in circulating glycocalyx degradation products such as heparan sulfate ([@B42]). Proinflammatory LDLs have been shown to degrade the EC glycocalyx in postcapillary venules, as measured by increased capillary hematocrit ([@B17]). There is also evidence that major cardiopulmonary bypass surgery can cause shedding of heparan sulfate and syndecan-1 from the EC glycocalyx of patients ([@B99]). Given the increased thickness of the glycocalyx under normal physiological conditions, it is likely that inflammatory conditions promote CTC adhesion to the endothelium by shedding and disruption of the EC glycocalyx, which increases the availability of EC adhesion molecules to CTCs.

Matrix metalloproteinase effects on glycocalyx shedding. {#sec1-4-2}
--------------------------------------------------------

Extracellular proteases, such as matrix metalloproteinases (MMPs), can induce glycocalyx shedding and promote cell adhesion in the microvasculature ([Fig. 2*B*](#F2){ref-type="fig"}). MMPs are a family of zinc-dependent enzymes that can regulate the turnover of the glycocalyx and other extracellular matrix components during processes including inflammation, wound healing, and tumor progression ([@B19], [@B73], [@B74], [@B83]). In vivo, arterial ECs show increased expression of MMPs in areas of atherosclerotic plaques and lesions ([@B31], [@B68]). MMPs have also been found by Gronski et al. ([@B36]) and Endo et al. ([@B26]) to directly cleave chondroitin sulfate and proteoglycan syndecan-1, respectively.

ECs have the ability to store, activate, and release MMPs into the surrounding glycocalyx. Utilizing MMP inhibitors, Fitzgerald et al. ([@B29]) found that multiple cell signaling pathways can converge and activate MMPs, after PMA treatment, to cleave syndecans from the cell surface. Taraboletti et al. ([@B117]) found that human umbilical vein ECs shed microvesicles from the plasma membrane; these microvesicles contain active and proenzyme forms of MMP-2 and MMP-9 ([@B117]). Yu and Woessner ([@B138]) found evidence that MMP-2 and MMP-9 can bind to heparan sulfate in the glycocalyx. ECs were also found to utilize microvesicles to release tissue inhibitors of metalloproteinases, endogenous inhibitors that can regulate MMP activity ([@B117]). Thus, shedding of the glycocalyx can, in part, be regulated by MMPs derived from the endothelium. Given that nearly all tumor cells overexpress MMPs ([@B18]), including MMP-2 and MMP-9 as mentioned previously, CTCs may also contribute to MMP-induced glycocalyx shedding.

Glycocalyx response to fluid shear stress. {#sec1-4-3}
------------------------------------------

The EC glycocalyx is exposed to hemodynamic shear stresses of 4.0--30.0 and 0.5--4.0 dyn/cm^2^ in the arterial and venous circulation, respectively ([@B123]). Shear rates can range from ∼900 s^−1^ in arteries to 160 s^−1^ in veins ([@B82]). Exposure to such forces can affect the biosynthesis of EC glycocalyx components, activate EC-derived proteases, and disrupt glycocalyx structure and molecular components ([@B2]). In vivo studies by Mulivor and Lipowsky ([@B86]) showed that induction of ischemia for 60 min led to an increase in glycocalyx thickness on the surface of the postcapillary venules, which then decreased upon reperfusion of the venules. Grimm et al. ([@B34a]) showed that exposure to low shear stress (1.0 dyn/cm^2^) inhibited GAG synthesis in cultured ECs, while Arisaka et al. ([@B2]) showed that greater shear stresses (\>15.0 dyn/cm^2^) stimulated GAG synthesis in ECs. Zeng et al. ([@B139]) found that specific components of the EC glycocalyx, such as heparan sulfate, can cluster at EC junctions through the mobility of glypican-1 in lipid rafts. Other components, such as chondroitin sulfate and syndecan, remained immobilized on the EC glycocalyx ([@B139]). Koo et al. ([@B59]) measured the components of the glycocalyx after human EC exposure to shear stress waveforms characteristic of atherosclerosis-resistant and atherosclerosis-susceptible regions of the arteries. Glycocalyx components increased in expression and were distributed evenly on the EC surface after exposure to atherosclerosis-resistant waveforms but were irregularly distributed and decreased in expression upon exposure to atherosclerosis-susceptible waveforms ([@B59]).

In the tumor microenvironment, blood vessels are characterized as disorganized, tortuous, leaky, and dilated ([@B52]). While normal vessels typically branch via bifurcations with even branch diameters, the tumor vasculature can exhibit trifurcations and uneven branch diameters ([@B52]), all of which can dramatically alter the local shear stress environment. Proliferating tumor cells can also exert solid stresses on the surrounding vasculature, causing blood and lymphatic vessels to collapse and inducing heterogeneous blood flows and subsequent shear stresses ([@B6], [@B30]). Given that fluid shear stress can affect EC glycocalyx thickness and composition, it is likely that alterations are also present in the cancer microenvironment. Such shear-induced effects on the EC glycocalyx have not been previously characterized and could provide new insight into the vascular transport of CTCs.

Glycocalyx effects on leukocyte adhesion. {#sec1-4-4}
-----------------------------------------

Like CTCs, leukocytes express selectin ligands that facilitate their adhesion to the endothelium. Given that selectins on the EC surface do not extend as far from the EC surface as the glycocalyx, it is likely that inflammatory conditions, MMP exposure, and fluid shear forces can remodel the glycocalyx to promote the adhesion of circulating cells. A theoretical model was developed by Zhao et al. ([@B140]) to examine how fluid shear forces can amplify the penetration forces of leukocyte microvilli into the EC glycocalyx. Leukocyte microvilli range from 0.3 to 0.7 μm in length, which can place leukocytes within a reactive distance to selectins on the EC surface ([@B10]). The model predicts that physiological shear forces can amplify the gravitational contact forces of leukocytes by almost two orders of magnitude to 100 pN, which can allow leukocyte microvilli to penetrate the EC glycocalyx ([@B140]).

In vivo, TNF-α was found to disrupt the glycocalyx of postcapillary venules, decrease leukocyte rolling velocity, and increase the number of adherent leukocytes ([@B41]). Treatment with the P-selectin antagonist fucoidan reduced the number of adherent leukocytes and increased the average leukocyte rolling velocity, demonstrating that TNF-α-induced glycocalyx disruption enhances selectin-mediated leukocyte adhesion ([@B41]). Superperfusion of the rat mesentery with fMLP increased glycocalyx shedding in a process mediated by EC G protein signaling ([@B86]), increasing exposure of EC adhesion receptors and subsequent leukocyte adhesion ([@B85]). Treatment of mouse cremaster venules with the enzyme heparitinase degraded heparan sulfate from the EC glycocalyx and increased the number of leukocytes adhered to the venules ([@B16]). Doxycycline, a tetracycline antibiotic, is a broad-spectrum MMP inhibitor that was recently shown to promote and inhibit leukocyte adhesion ([@B69], [@B70]). Superperfusion of rat mesentery with doxycycline alone increased baseline levels of leukocyte adhesion by reducing sheddase activity and subsequent cleavage of adhesion molecules ([@B70]). However, treatment with fMLP followed by doxycycline significantly reduced leukocyte adhesion compared with treatment with fMLP alone, indicating that doxycycline treatment can also inhibit fMLP-induced glycocalyx shedding and reduce the availability of EC adhesion molecules ([@B70]).

Under normal physiological conditions, the thick EC glycocalyx can serve as a physical barrier that prevents the adhesion of immune cells and CTCs ([Fig. 2*A*](#F2){ref-type="fig"}). This barrier can be compromised by a variety of factors, including proinflammatory molecules, MMPs, and fluid shear stress. Given the presence of selectin ligands on many CTCs, similar to leukocytes, it is expected that glycocalyx shedding and disruption may exert similar effects on the adhesion of CTCs ([Fig. 2*B*](#F2){ref-type="fig"}). However, CTCs can differ greatly from leukocytes in terms of their size, morphology, selectin ligand expression, deformability, and membrane composition ([@B33], [@B37], [@B61], [@B75], [@B100], [@B116], [@B127], [@B141]). Additionally, CTCs can possess glycocalyx components such as chondroitin sulfate GAGs, which serve as major P-selectin ligands on metastatic breast cancer cells ([@B84]). Thus the effects of glycocalyx thickness and composition on CTC adhesion, and subsequent formation of distant metastases, are not fully elucidated and deserve further study.

Glycocalyx Effects on Therapeutic Treatment of CTCs {#sec1-5}
===================================================

CTC-targeted therapies. {#sec1-5-1}
-----------------------

Therapeutic treatment of CTCs in blood can potentially hinder the vascular transport of CTCs to anatomically distant organs and prevent the onset of metastasis. Recently, novel approaches have been developed to target and treat CTCs within the bloodstream ([@B56]). E-selectin is currently being explored to target therapeutics to CTCs under blood flow conditions, due to the rapid, force-dependent binding kinetics between E-selectin and selectin ligands on CTCs ([@B66]) ([Fig. 3](#F3){ref-type="fig"}). Our group recently developed an approach to deliver doxorubicin-containing E-selectin-conjugated nanoparticles to flowing tumor cells ([@B78], [@B79]). Doxorubicin, an adriamyacin anthracycline antibiotic that is utilized as a chemotherapeutic agent, can induce tumor cell death by DNA intercalation, inhibition of topoisomerase II, and formation of free radicals ([@B7], [@B89], [@B135]). Under physiological shear stresses, tumor cells rapidly bound to E-selectin-conjugated nanoparticles, as confocal microscopy revealed fluorescent nanoparticles decorating the tumor cell surface ([@B79]). Doxorubicin-loaded nanoparticles were subsequently internalized by tumor cells and induced significant cell death.

![E-selectin-mediated delivery of therapeutics to CTCs in the bloodstream. Under physiological flow conditions, E-selectin-conjugated nanoparticles can rapidly bind to E-selectin ligands on the CTC surface. This adhesive interaction can be utilized to deliver a variety of therapeutic ligands or small molecules to CTCs, which can then induce CTC apoptosis.](zh00241373940003){#F3}

The use of TNF-related apoptosis-inducing ligand (TRAIL) to induce apoptosis in circulating cancer cells has recently been investigated. TRAIL binds to the trimeric death receptors DR4 and DR5 on the surface of a variety of tumor cells and subsequently signals for apoptosis ([@B97]). TRAIL is an ideal therapeutic for CTCs, because it does not exert toxic effects on most normal cells, with the exception of hepatocytes ([@B3], [@B53]). Thus upon delivery to the bloodstream, TRAIL would likely have negligible effects on circulating cells such as erythrocytes and leukocytes. Utilizing immobilized E-selectin and TRAIL, Rana et al. ([@B97], [@B98]) created novel surfaces to capture and deliver apoptotic signals to flowing cancer cells. Cancer cells exhibited rolling adhesion on E-selectin and subsequently interacted with immobilized TRAIL on the surface to induce apoptosis ([@B97]). Aspirin pretreatment followed by perfusion over E-selectin/TRAIL surfaces sensitized tumor cells to TRAIL-induced apoptosis, significantly increasing the number of apoptotic tumor cells compared with cells exposed to E-selectin/TRAIL surfaces alone ([@B98]). Mitchell et al. ([@B81]) assessed the effects of physiological shear stress exposure on TRAIL-induced apoptosis of tumor cells. Fluid shear stress exposure of 2.0 dyn/cm^2^ nearly doubled the amount of apoptotic cancer cells in the presence of TRAIL compared with TRAIL-treated cells exposed to static conditions ([@B81]). Interestingly, the response was found to be TRAIL-specific, as shear forces did not sensitize cancer cells to doxorubicin-induced apoptosis ([@B81]).

Glycocalyx as a therapeutic barrier. {#sec1-5-2}
------------------------------------

Increased expression of hyaluronan on the tumor cell glycocalyx can hinder the delivery of therapeutics. High expression levels of hyaluronan can create a hydrated connective tissue matrix, which can attach to the tumor cell surface via CD44 to form a protective coating around the cell ([@B102]). This coating may limit therapeutic efficacy by providing a cover over drug binding sites on cancer cells ([Fig. 4](#F4){ref-type="fig"}), along with attenuating the diffusion of drug molecules to the cell surface. Increased production of hyaluronan was found to increase interstitial fluid pressure in solid tumors, which can limit the delivery of therapeutics via the circulation by collapsing nearby blood vessels ([@B6], [@B30]) and eliminating pressure difference-driven transport of therapeutics toward the tumor interior ([@B8]). To quantify glycocalyx effects on the diffusion of drugs to tumor cells, Eikenes et al. ([@B25]) used fluorescence recovery after photobleaching, based on two-photon scanning laser excitation, to measure the diffusion of FITC-conjugated dextran macromolecules through the glycocalyx. The diffusion coefficient of 150-kDa FITC dextran molecules decreased in tumor spheroids, and even more so in human osteosarcoma xenografts, in part due to the presence of hyaluronan ([@B25]). The delivery of drugs such as docetaxel and liposomal doxorubicin to PC-3 tumors was reduced due to the accumulation of hyaluronan ([@B119]). Pályi-Krekk et al. ([@B93], [@B94]) investigated the role of hyaluronan and CD44 in trastuzumab resistance. Trastuzumab is a recombinant humanized anti-ErbB2 antibody used in the treatment of breast cancer; however, the mechanisms of resistance are poorly understood ([@B93]). CD44 was found to be overexpressed in the trastuzumab-resistant cell line JIMT-1, and flow cytometry fluorescence resonance energy transfer measurements showed that CD44 interacts with ErbB2 ([@B93]). In mouse JIMT-1 xenografts, CD44 enhanced trastuzumab internalization, while hyaluronan blocked the availability of ErbB2 to bind to trastuzumab, implicating the CD44-hyaluronan complex in the attenuation of receptor-mediated therapy of tumor cells ([@B93]).

![Glycocalyx as a barrier to therapeutic delivery. Overexpression of glycocalyx components, such as hyaluronan, can create a molecular barrier to "shield" therapeutic-binding receptors from interaction with therapeutic ligands.](zh00241373940004){#F4}

Tumor cell glycocalyx-targeted treatments. {#sec1-5-3}
------------------------------------------

Glycocalyx-degrading enzymes, such as hyaluronidases, have been explored as agents to degrade the glycocalyx coating and subsequently increase therapeutic diffusion and uptake to tumor cells. Early work by Brekken and de Lange Davies ([@B8]) investigated the effects of hyaluronidase on interstitial fluid pressure in solid tumors. Intratumoral injections of bovine testicular hyaluronidase reduced interstitial fluid pressure of solid tumors up to 40% at 60 min postinjection ([@B8]). Hyaluronidase treatment increased the diffusion of FITC-conjugated dextran macromolecules in human osteosarcomas grown as tumor spheroids and in tumor tissue in vivo, as measured using fluorescence recovery after photobleaching ([@B25]). In terms of therapeutic delivery, hyaluronidase-treated orthotopic tumors increased the uptake and distribution of liposomal doxorubicin ([@B27]). Thompson et al. ([@B119]) utilized the recombinant human hyaluronan-degrading enzyme rHuPH20 to deplete hyaluronan from the tumor cell surface but found that its short serum half-life (\<3 min) made in vivo use impractical. However, PEGlyation of rHuPH20 (PEGPH20) increased the serum half-life to \>10 h, depleted hyaluronan, decreased interstitial fluid pressure by 84%, and decompressed tumor blood vessels ([@B119]). PEGPH20 treatment increased the activity of liposomal doxorubicin and docetaxel in PC-3 tumors.

Given its physiological role and its presence throughout the human body, systemic administration of hyaluronidase could have unwanted side effects. Enzymatic degradation via hyaluronidase can induce inflammation and pain in joints, and because of its pH sensitivity and short half-life in serum, it is difficult to efficiently administer ([@B131]). To combat this, Yang et al. ([@B134]) recently developed oligosaccharides of hyaluronan (oHA)-lipid-paclitaxel nanoparticles to breach the glycocalyx barrier for therapeutic delivery. oHA is broken down from hyaluronan by hyaluronidase, possesses binding sites for CD44, and can act as an antagonist of CD44 interactions ([@B120], [@B133]). Additionally, because of its small size, oHA nanoparticles are able to breach the glycocalyx barrier to access CD44 receptors. The glycocalyx of MDA-MB-231 and BT-249 breast cancer cells was disrupted via oHA interactions with CD44 and subsequent detachment of hyaluronan from the cell surface ([@B134]). Compared with treatment with lipid-paclitaxel nanoparticles alone, which induced apoptosis in ∼30% of both breast cancer cell lines, the addition of oHA to nanoparticles increased apoptosis to \>90% of cells ([@B134]). The efficacy of the approach was also confirmed in vivo using a mouse xenograft model ([@B134]).

Surprisingly, little is known about CTC glycocalyx thickness and composition, and subsequent glycocalyx-mediated CTC resistance to therapeutics. While CTCs in blood are frequently apoptotic ([@B76]), it is possible that those that metastasize to anatomically distant organs have distinct survival advantages through retention of their glycocalyx. The glycocalyx can allow CTCs to evade anoikis, while also providing a barrier for therapeutics to bind to cell surface receptors ([@B137]). In particular, CTC therapeutic strategies involving E-selectin targeting and TRAIL-induced apoptosis can be affected by the presence of a CTC glycocalyx layer, by blocking interactions with E-selectin ligands and death receptors on CTCs. Glycocalyx-degrading enzymes can thus increase the availability of CTC ligands for therapeutic purposes. In contrast, if CTCs that remain viable do not possess a glycocalyx layer, then targeting mechanisms utilizing E-selectin can provide an efficient method to localize therapeutic ligands to the CTC surface under physiological flow conditions. Future work should focus on direct glycocalyx measurements on CTCs, tumor cell-specific glycocalyx-degrading enzymes to increase the availability of drug binding sites, and subsequent therapeutic treatment of CTCs.

Conclusion {#sec1-6}
==========

The transport of CTCs via the bloodstream can be altered due to the presence of the glycocalyx expressed on ECs and CTCs. On the surface of ECs, the glycocalyx can act as a barrier to prevent interactions between adhesion receptors on ECs and ligands on the CTC surface. Inflammation, MMPs, and changes in fluid shear stress can act to disrupt, remodel, and induce shedding of the glycocalyx. These factors can increase the availability of adhesion receptors on the EC surface, which in turn may promote CTC adhesion to the endothelium. Similar adhesive interactions can be utilized to target therapeutics to CTCs, such as apoptosis-inducing ligands, to potentially reduce the spread of metastasis. However, overexpression of hyaluronan leads to the formation of a thicker glycocalyx coating around tumor cells, providing a "shield" against therapeutic ligand delivery to the cell surface. Recent advances that aim to disrupt glycocalyx adhesion to the tumor cell surface provide a means to more effectively deliver therapeutic agents to CTCs. A better understanding of the factors that disrupt the EC glycocalyx to promote tumor cell adhesion, along with strategies to breach CTC therapeutic barriers, will lead to greater control and potential intervention of CTC vascular transport.
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